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Dense, vertically stacked Josephson junction arrays are being developed for voltage metrology
applications. We present measurements of the uniformity and reproducibility of Nb/gIMdagj,
vertically stacked junctions that clarify the superconducting properties of the middle Nb
superconducting electrode. Middle electrode thicknesses down to 20 nm have shown minimal
suppression of the superconducting order parameter as measured through the critical current density.
Even with a middle electrode thickness of 5 nm, excellent junction uniformity has been observed as
demonstrated by the measurement of large Shapiro steps when the arrays are biased with
microwaves. We also discuss the role of the superconducting coherence length in these arrays of
high-density junctions.[DOI: 10.1063/1.1566797

Superconductor—normal—supercondud®NS Joseph- thicknesses greater than 50 nm. The data were collected from
son junctions have been successfully used in programmabtaore than 10 different runs over a period of 6 months. Figure
voltage standards® and in the Josephson arbitrary wave 1 shows that the value of, depends only on the barrier
form synthesizet:® Series arrays of junctions are required to thickness and not on any other process variable. It also
increase the output voltage to practical levels. A major goashows excellent run-to-run reproducibility of the characteris-
of the National Institute of Standards and Technol@giST)  tic voltage.
voltage standard research is to increase the linear junction The on-chip uniformity of the critical current can be in-
density in these arrays. Arrays of higher density lead to botfierred from the sharpness of the dc current—voltage charac-
higher output voltages in programmable systems and bettderistics of a series array of junctions and the current range of
broadband frequency characteristics for ac voltagdhe microwave-induced Shapiro stépFhe normal coher-
standard$. The method that has demonstrated the highesgnce length&, of the barrier is estimated to be 3.5
junction densities, while maintaining good uniformity and =0-1nm, and the characteristic voltage has an expected
reproducibility, is the vertically stacked junction dependence on barrlleor thicknessd,  of  V¢(d)
geometry~® Recently, it has been shown that MeSiro- = (4mV)(d/&y)exp —d/é,].™ The prefactor is about 5.5
vides a stable, reproducible, normal-metal barrier for stackeMes larger than that for PdAu junctions, whereas the
junctions? This reproducibility enables precise targeting of "ormal—metal coherence length is shotteThis excellent
the critical-current densityd.) for specific applications, and ePreducibility, accuracy in targeting , and on-chip unifor-
the high resistivity of MoSi allows larger-sized junctions at mity enab_led us to pgrform detailed studies of the middle
a given characteristic voltag®/.=1.R,,, wherel, is the electrode in two-junction stacks.
critical current andR,, is the normal resistance.

In order to increase junction density, we need to stack as 100
many junctions as possible on top of each other. The number .
of junctions in a stack may ultimately be limited by the ver-
tical dimension of the stack; thus it is important to keep the
stacking unit as thin as possible. Because the barrier thick-
ness is fixed by the design&fi, the only parameter to mini-
mize for a given barrier material is the intermediate thickness
of the superconducting layers. In this letter, we investigate
the properties of two-junction stacks by varying the thick-
ness of the middle electrodME) between the normal-metal
barriers. R N AN S

Figure 1 shows th& versus MoSj barrier thickness at 18 20 22 24 26 28 30 32
4 K. These data were summarized from the measured char- Barrier Thickness (nm)
acteristics of arrays of single junctions and a few arrays of

two- and three-junction stacks with intermediate-electrodeFIG. 1. Characteristic voltageV¢=I.R,) at 4 K for a range of MoSi
barrier thicknesses. The data are from arrays of single junctions and a few
arrays of two- and three-junction stacks with electrode thicknesses greater
3Electronic mail: yonuk@boulder.nist.gov than 50 nm.

Characteristic Voltage (1V)
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= FIG. 3. Characteristic voltagé.= | :R, vs middle electrodéME) thickness
tye in two-junction stacks at 4 K. At ME thicknesses of less than 20 nm, the
FIG. 2. Cross-sectional TEM image of a five layer Nb/(Ma$ib), film. characteristic junction voltage is suppressed. The line is drawn only as a
Each of the barriers is 23 nm thick and the middle electrode thickness iguide for the eyes. The “normal” ME was prepared with the usual process,
20 nm. and the “clean” ME was prepared immediately after depositing 10 Nb films

in sequence.

Devices were fabricated starting with a Nb/Mg@Si
multilayer depositedn situ by dc magnetron sputtering. The 17 nm, the normal ME sample approximately follows the
MoSi, film resistivity is 650u cm at room temperature and Same trend as our previous data, while the clean ME sample
increases by-30% when cooled to 4 K. No superconduct- has aV that is reduced by an amount that is significantly
ing transition was observed for temperatures down to 50 mklarger than our run-to-run variation. In addition, if the film
To define the junction areas, superconducting electrodes arffder is factored into the previous data for thin ME samples,
normal barriers were etched together by reactive ion etchinge films deposited at the end of a long deposition sequence
in a Sk and G mixture. Sharp vertical etch profiles, to- tend to have loweWN . values than the usual trerid.g., the
gether with uniform thickness of the deposited barrier, aredata at 15 nm This implies that our ordinary process pro-
essential to achieving uniform junction characteristics in aduces “moderately dirty” Nb films with a comparatively
stacked geometry. short coherence length. These data confirm our expectation
Figure 2 shows a cross-sectional transmission electrothat cleaner Nb films will cause further suppressiogfor
microscopg TEM) image of a Nb/MoSi multilayer used to  the same ME thickness.
fabricate the junction stacks. The interfaces are flat and There are several effects that can cause this suppression
sharp, with only slight meandering at a length scale of 5 nmof V, for a thin ME. If the thickness of a superconducting
The Nb film is highly textured in thg011] direction}?  film is reduced below the superconducting coherence length
whereas the MoSifilms are amorphous. These smooth in-és, the superconducting order parameter will be
terfaces and uniform thicknesses are the main reasons wispppressedf: The superconducting order parameter may also
we can achieve good uniformity and reproducibility g . be suppressed in the ME due to the proximity to the normal
A series of two-junction stacks were fabricated, all with metal. It is expected that if, due to the proximity effect, sig-
barrier thicknesses of 23 nm. Each double-barrier stack funaaificant suppression of the superconducting order parameter
tions as two series-connected Josephson junctions, each haecurs on the superconducting side of the S/N interface, then
ing V.~39uV. As the ME thicknesgt is reduced,V,  size effects will become important as the ME thickness be-
begins to become suppressed whga~20 nm, as shown in comes less than& (&, from each interfacde'® From Fig. 3,
Fig. 3. In junctions with thinner MEs, the suppressionvgf ~ we assume that the critical minimum ME thickness is 20 nm,
appears as a reduction g, while R, remains constant be- the minimum thickness at which nonsuppress&dis ob-
cause the barrier thickness and the junction geometry are treerved. If this critical thickness is&2, we can estimate that
same for all samples. This strongly suggests that the redu; is about 10 nm in our Nb films, which is a value typical of
tion in V. is due to order-parameter suppression in thethose reported in the literature for thin Nb filtfsHowever,
middle niobium electrode. from H¢,(T) measurements, the measured coherence length
In order to make the ME as thin as possible, it is desir-of our Nb film at 4 K was 17.%50.5 nm?!’ Since the sup-
able to have a dirty middle electrode with a short coherenceression parameter given by Kupriyanov and LukicHey,
length?® In order to qualitatively see the difference between=p.é./pné,, is estimated to be-0.03 for the Nb/MoS;
dirty and clean Nb films, we intentionally prepared two mul- interface, the suppression of the order parameter in the ME
tilayers with “normal” and “clean” middle electrodes. The caused by the proximity effect with the barriers on both sides
normal ME was prepared with the usual process, but with @ expected to be small. Hence the measured valueé. of
slightly shorter Nb presputter step; the clean ME was predecrease only when the ME is less that¥s, because the
pared immediately after depositing 10 Nb films in sequencesuppression of the order parameter at the S/N interface is
after which we expect that the residual gases are more effeciegligible on the superconducting side. Furthermore, the
tively gettered than for the normal ME multilayer. The re- measured interface resistance is negligible in our junctions

sults are shown in Fig. 3 by triangles. With the ME fixed at(<2x 10 % Q cn?, extrapolated fromR, times the junc-
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oF L L L P~ thickness without a reduction in characteristic voltage or a
16GHz change in microwave response. Our results suggest that this
DlC l ] critical ME thickness is on the order of the superconducting
10 F . coherence lengtlfs, and that by making the Nb film mod-
20GHz | erately dirty and reducings we will be able to fabricate
! multiple stacked junctions with superconducting interlayer
12GHz \ thicknesses on the order éf. Our results may be related to
some of the observations in NbN/TjNtacked junction&2°
J Following these results, we anticipate that we will be able to
make stacks with up to five consecutive barriers with our
1 . existing process in which the total stack thickness is limited
20 338 339 3404 by the vertical etch process.
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FIG. 4. Current—voltage characteristics of a 4100-stack double-barrier arra - ;
(8200 series junctionsvith 20 nm ME thickness biased at different micro- §Upported in part by Office of Naval Research Contract Nos.

wave frequencies. These curves are qualitatively the same as those of thicktl00014-00-F-0154, 01-F-011, and 02-F-0004.
ME samples. The inset shows tilme=1 Shapiro step with~3 mA step
height with a 20 GHz microwave bias.
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